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Abstract 
This article deals with the effects of a blowing ratio measured with narrowband liquid crystal in transonic experiments on the heat 
transfer characteristics of trailing edge cutback. The experimental results are compared and contrasted in terms of available data for tra-
ditional experiments with thermocouples. It is concluded that the blowing ratio exerts rather significant effects on film cooling effec-
tiveness distribution of the rib center line. As the blowing ratio decreases, similar to the cooling effectiveness distribution curve of the 
slot center line, that of the rib center line makes a clockwise rotation about the end. When the blowing ratio increases, the regular film 
cooling effectiveness curve of the surface becomes rather smooth. On the whole measuring surface, the most intensive heat transfer oc-
curs at the extended borderline of the slot and the rib, neither at the rib center line nor at the slot center line. The experimental results of 
cooling effectiveness measured with thermocouples are lower than those with liquid crystal. In addition, the transient experiments using 
narrowband liquid crystal can eliminate the higher errors of Nusselt numbers in measurements with thermocouples at the slot outlet. 
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1 Introduction* 
In modern high-performance aeroengines, the 
working condition of turbine blades will consis-
tently worsen as the gas temperature in front of 
them is expected to unceasingly increase. Practices 
witness that the turbine trailing edge is always ex-
posed to high temperature and is considerably more 
likely to be damaged by it. According to the aero-
dynamic requirements, the trailing edge of a turbine 
blade is always made quite thin with a film-cooled 
trailing edge cutback. Moreover, from the view of 
strength and the need for controlling the amount of 
air flow around blades, there are also arranged sup-
porting ribs in the slot. In this way, the ejected 
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cooling air from the slot will mix with the main 
flow and form a strong 3D mixing region. Refs.[1-2] 
studied the cooling set-up of turbine blade trailing 
edge possessive of a plate-extension downstream of 
the slot behind the rib. Its advantage lies in provi-
sion of a smooth wall surface for main flow and 
decrease of aerodynamic loss caused by sudden 
change of trailing edge as well as amelioration of 
cooling effectiveness downstream of the slot outlet. 
However, this system is deficient in view of the dif-
ficulty for the ejected cooling air from the slot to 
reach the surface of the plate-extension. Thus, an-
other set-up distinct from that of was put forward[1-2], 
which eliminates plate-extension behind the rib. 
This was termed as the back-step 3D slot film cool-
ing structure, because it presents a strong 3D feature 
when the ejected cooling air mixes with the flow 
gas. Refs.[3-4] carried out experiments and numeri-
 Yuan Hepeng et al. / Chinese Journal of Aeronautics 21(2008) 488-495 · 489 · 
 
cal computations to study the flow resistance and 
film cooling effectiveness of the structure in posses-
sion of two rows of longitudinal ribs in the slot with 
an angle between the ejected secondary flow and the 
main flow. This structure was developed specifically 
for some turbine blades with unique configuration. 
The trailing edge cutback cooling structure pro-
posed in this article can be viewed as a simplified 
version of that[3-4], since it contains only one row of 
longitudinal ribs and parallel secondary and main 
flows. 
2 Experimental Method and Facilities 
The transient measurement using narrowband 
liquid crystal is based on unsteady thermal conduc-
tion. The expression containing film cooling effec-
tiveness and heat transfer coefficients can be de-
ducted according to the 1D semi-infinite body the-
ory[5-6].  
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where O is the thermal conductivity, t the time, Tf   
the main flow temperature, T2 the secondary flow 
temperature, Taw the adiabatic wall temperature, Tw   
the wall temperature, T0 the initial temperature, h 
the heat transfer coefficient, K the film cooling ef-
fectiveness, D the solid thermal diffusivity, jW  the 
time at the moment of j, U the function of t and jW . 
It is only needed to acquire the wall temperature Tw 
and record the real-time temperature changes of the 
main and secondary flows. Theoretically, two equa-
tions can be attained by regulating heat amounts of 
the main or secondary flows and performing two 
experiments through changing air temperature. Then, 
the heat transfer coefficient and the film cooling 
effectiveness can be achieved by solving the two 
equations. However, in order to remove interfer-
ences from the causal factors in experiments and, if 
any, decrease the errors caused by them, the study 
will conduct the experiments in the following way: 
let the conditions of main and secondary flows be 
constant, numerous experiments are carried out by 
changing the temperature of the main and secondary 
flows, thereby obtaining groups (generally six) of 
values, and by solving the equations using the 
least-squares fit, the film cooling effectiveness and 
the heat transfer coefficient can finally be acquired. 
Fig.1 depicts the experimental facilities. A 
stream of air called main flow is pumped by a vac-
uum pump through the entrance and development 
sections, mixed with the secondary flow in the ex-
periment section, blown into the plenum 2 through 
the wake section, and finally released to the atmos- 
 
Fig.1  Schematic of experimental system. 
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phere through the vacuum pump. The airspeed of 
the main flow is controlled with the control valve 3 
behind the plenum 2. The secondary flow is pro-
vided with a blower. The air stream flows through 
the plenum 1 in a steady manner. A float flowmeter 
is used to measure the secondary flow adjusted by 
the control valve 1. The flow behind the heater is 
divided into two: one enters the experiment section 
while the other escapes into atmosphere through the 
by-pass passage. These two streams are controlled 
with two solenoid valves. The by-pass passage con-
trol valve 2 guarantees the basic equality between 
the flow resistance in the by-pass passage and in the 
experiment section so as to diminish the fluctuation 
of air flow when the experiment begins. Four Ø = 
0.1 mm thermocouples are disposed side by side  
30 mm away from the front of the slot with ribs to 
record the temperature changes of secondary flow in 
the entrance. The measuring surface of the experi-
ment section coated with liquid crystal is installed 
on the upper wall of the experiment section. There-
fore, it is easy to adjust the angle of light and its 
intensity to achieve clear records. 
Fig.2 depicts the detailed structure of the ex-
periment section[7-8]. The end wall plate and the lip 
plate construct the secondary flow path, which is 
provided with eight ribs, thereby constituting seven 
secondary flow slots. The Reynold number (Re = 
U2U2H/P) dependent on secondary flow slot changes 
range from 10 000 to 20 000 and the blowing ratio 
(Br = (U2U2)/(UmUm)) ranges from 0.5 to 2.0, where 
U2 and Um are the densities of the secondary and 
main flows, respectively, U2 and Um indicate the 
speed of the secondary and main flows, respectively, 
H is the height of the secondary flow slot, and P is 
the dynamic viscosity of secondary flow. 
Thermal liquid crystal must be calibrated be-
fore experiments to obtain a temperature-hue cali-
bration curve. The narrowband thermal liquid crys-
tal adopted herein is of SPN/R35C1W with the 
temperature band of 1 °C. Four calibrations were 
carried out under the same condition as in the ex-
periments. Fig.3 displays the obtained calibration 
curves. 
 
Fig.2  Detailed structure of experiment section. 
 
Fig.3  Calibration curves of SPN/R35C1W. 
Errors of the transient measurements with li-  
quid crystal mainly include the error in temperature 
'T, in time 't, and in physical property parameter 
of measuring surface cU O' . In this study, errors 
are assumed to be identical in measurements with 
both thermocouples and liquid crystal: 'T = ±0.2 °C, 
't = ±0.1 s, cU O' = ±20. After analyzing the 
temperature changing procedure of the main and 
secondary flows as well as processing the measure-
ment errors of initial temperature distribution on the 
measuring plate, the measured relative error of 
cooling effectiveness can be estimated to be 10% 
according to the error theory, slightly more than 8% 
for the measurements with thermocouples. 
3 Experimental Results 
Fig.4 shows the distribution of heat transfer 
coefficients and film cooling effectiveness at dif-
ferent blowing ratios: 2.0, 1.0, and 0.5. It can be 
seen that the blowing ratio exerts rather large influ-
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ences on the distribution of film cooling effective-
ness. When the blowing ratio equals 2.0, one part of 
the secondary flow after escaping from the slot exit 
continues to rush forward, while the other part ex-
pands and diffuses behind ribs. Compared with the 
case of smaller blowing ratios, the lesser amount of 
diffused air will strengthen the length-wise mixing 
function of the main flow behind ribs and weaken 
the film cooling effectiveness near the outlets of ribs. 
Since the cross-wise mixing function of secondary 
flow is mild, the 3D mixing region is relatively long. 
As the flowing distance increases, the cooling effec-
tiveness tends to gently decline. This condition is 
characterized by slow cross-wise mixing among 
secondary flows and rather mild length-wise mixing 
between the main and secondary flows. As a result, 
within the measuring range, neither cross-wise mix-
ing nor length-wise mixing is fully completed. 
When the blowing ratio reaches 0.5, the main 
flow speed is so high that a portion of it will mix 
 
(a) Br = 2.0 
 
(b) Br = 1.0 
 
(c) Br = 0.5 
Fig.4  Contour of cooling effectiveness and heat transfer coefficient distribution measured with liquid crystal. 
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with the secondary flow down behind ribs thus low-
ering the film cooling effectiveness of the wall near 
the outlets of ribs. After leaving the slot exit, the 
secondary flow will gradually lose its ability to con-
tinue moving forward by inertia, but will greatly 
quicken the air expansion and diffusion. Therefore, 
the 3D mixing region behind ribs is rather small and 
the cooling effectiveness of the wall behind ribs 
increases quickly in the flow direction. The 3D mix-
ing region forms two eddies. Downstream of the slot 
exit surface, the cross-wise mixing basically com-
pletes, but the length-wise mixing of the main flow 
with secondary flow continues and the film cool- 
ing effectiveness decreases gradually. Thus, at low 
blowing ratios, quicker and stronger cross-wise 
mixing becomes prominent. In addition, the cooling 
effectiveness behind ribs remains high. At the blow-
ing ratio of 1.0, the cross-wise and length-wise 
mixing are stronger than at any larger blowing ratios, 
but weaker than at any smaller ratios. 
From Fig.4, pertaining to the heat transfer co-
efficient contour, there seems no noticeable differ-
ence in the heat transfer values near the slot exit. 
The maximum heat transfer coefficient of the mea- 
suring plate surface appears on the extended border-
line of the rib and the slot. However, the two intense 
heat transfer areas are of dissymmetry at blowing 
ratios of 0.5 and 2.0, which may be caused by some 
directional deviation of secondary flows. Down-
stream of the measuring surface, the variation of 
heat transfer coefficients at different blowing ratios 
is present. Particularly, at 2.0 blowing ratio, the 
lower mainstream speed and the milder length-wise 
mixing downstream make the heat transfer coeffi-
cient comparatively lower. Perhaps it is owing to the 
limited measurement distance that does not cause 
any significant differences downstream of the 
measuring plate at blowing ratios of 1.0 and 0.5. It 
is surmised that an increased measurement distance 
may augment the coefficient at 0.5 blowing ratio. 
Fig.5 compares the experimental results with 
thermocouples and that quoted from Fig.4, and plots 
the film cooling effectiveness of slot center line and 
rib center line. It is noted that the monotonous de-
crease of the cooling effectiveness implies the minor 
influences that blowing ratios will have on the film 
cooling effectiveness of slot center line. However, a 
marked difference may be observed with the rib 
center line, for its cooling effectiveness increases as 
the blowing ratio decreases. Especially in the vici- 
nity of ribs, it increases with noticeable rapidity 
rendering the curve wholly similar to the one of slot 
center line. As the blowing ratio decreases, the rib 
center line rotates clockwise about the end. All this 
considerably accords with the experimental results 
with thermocouples. 
 
(a) Liquid crystal 
 
(b) Thermocouple 
Fig.5  Film cooling effectiveness of slot center line and rib 
center line. 
In Fig.6, the curves drawn with solid lines re- 
present the averages of film cooling effectiveness 
measured with liquid crystal in flow direction, and 
those with dashed lines represent the averages 
measured with thermocouples. Fig.6 demonstrates a 
common trend existing in measured data both with 
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thermocouples and liquid crystal, i.e., the average 
cooling effectiveness increases as the blowing ratio 
decreases and increases, the curves become smoo- 
ther. Downstream of the measuring plate, it is no-
ticeable that the average cooling effectiveness sur-
passes the experimental results at other blowing 
ratios. The experimental results obtained with liquid 
crystal are higher than those with thermocouples, 
especially, at 2.0 blowing ratio. This may be as-
cribed to the fact that the results measured with liq-
uid crystal in perpendicular to the flow direction did 
not vary linearly and the diffusion range of secon-
dary flow after escaping out of slots is rather wide. 
Besidesˈthe experimental results measured with 
liquid crystal are averages of the whole surface, 
while those with thermocouples are simply averages 
of the two center lines. After all, the differences 
between them are generally so tiny that no impor-
tance should be attached to them. 
 
Fig.6  Experimental results of average film cooling effec-
tiveness. 
Fig.7 compares the experimental results with 
thermocouples and Nusselt number curves quoted 
from Fig.4, which depict Nusselt number changes of 
slot center line and rib center line. In experiments 
with liquid crystal, the Nusselt number of slot center 
line undergoes a gentle slight decrease as the dis-
tance increases without abrupt ups and downs. Al-
though changing mildly, the Nusselt number curve 
of rib center line takes on a bow-shaped form with a 
climax at the middle. No significant change in va- 
 
(a) Liquid crystal 
 
(b) Thermocouple 
Fig.7  Nusselt number of slot center line and rib center line. 
lues can be spotted in the slot exit area. Compared 
to the smooth Nusselt number curve of slot exit area 
in experiments with liquid crystal, the Nusselt num-
ber measured with thermocouples undergoes intense 
alteration with rather high heat transfer coefficient 
of slot exit. This can be explained by the fact that in 
measurements with thermocouples, a heating steel 
belt is laid on the surface, of which the heating 
process causes the starting positions of the heating 
boundary layer and the speed boundary layer to be 
different producing a very high Nusselt number of 
slot exit area, which then drops remarkably as the 
flow distance increases. The transient experiments 
with narrowband liquid crystal remove the bad ef-
fects caused by heating steel belt, which is really its 
advantage over the traditional approach with ther-
mocouples because it can achieve heat transfer co-
efficient distribution without heating the steel belt. 
Fig.4 pertaining to transient experiments with nar-
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rowband liquid crystal displays clearly that the heat 
transfer over the measuring surface is not regular 
and the most intense heat transfer area is located 
near the extended borderline of the rib and the slot. 
In addition, the Nusselt number of the measuring 
plate decreases slightly as the blowing ratio in-
creases. The same is true of the experiments with 
thermocouples. 
In Fig.8, the curves drawn with solid lines re- 
present the changes of average Nusselt numbers of 
the liquid-crystal-coated measuring plate in the flow 
direction, while those with dashed lines represent 
the average numbers of thermocouples. Similar to 
Fig.7 but more distinctly, the Nusselt number tends 
to fall as the blowing ratio increases. The Nusselt 
number in the flow direction shows a general de-
scending tendency, however, without the bow- 
shaped form shown in Fig.5(a). It is mainly attri- 
buted to the fact that the most intense heat transfer 
area near the extended borderline of the slot and the 
rib makes the average Nusselt number of slot exit 
increase. In the flow direction, the heat transfer in-
tensity decreases significantly. All this makes the 
curves representing the changes of average Nusselt 
numbers distinct from the one in Fig.7. 
 
Fig.8  Experimental results of average Nusselt number. 
4 Conclusions 
(1) Blowing ratio has a big influence on the 
cooling effectiveness distribution of ribs. As the 
decrease of blowing ratio, cooling effectiveness of 
rib center line increases. Especially cooling effec-
tiveness near the rib, it increases more quickly and 
clockwise rotates taking the end of the curve as 
center. Blowing ratio has no big influence on cool-
ing effectiveness of slot center line, which decreases 
monotonously followed blowing direction. On big 
blowing ratio work condition, average cooling ef-
fectiveness curve of the surface is rather smooth on 
the whole. Downstream of measurement surface, 
average cooling effectiveness surpasses the experi-
mental results for other blowing ratio. 
(2) On the whole measurement surface, the 
most intense heat transfer area is not the rib center 
line or the slot center line, but near the extension 
borderline of the rib and slot. On the same work 
condition, heat transfer coefficient value of rib cen-
ter line and slot center line is basically the same and 
no distinctive differences exits. As blowing ratio 
increases, average Nusselt number takes on the 
trend of decrease.        
(3) Cooling effectiveness value measured by 
thermocouple is lower than that of liquid crystal. 
Narrowband liquid crystal transience experiment 
can eliminate high Nusselt number error of slot exit 
measured by thermocouple. 
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